Abstract Orangutans have a long period of immaturity and the longest inter-birth interval (IBI) of all mammals, which can explained by their solitary life style, preventing the mother from rearing two offspring simultaneously (solitary life hypothesis). We collected data on motheroffspring dyads living in a primary lowland forest in Danum Valley, East Borneo in an effort to examine the developmental and behavioral patterns of the subspecies Pongo pygmaeus morio. We analyzed developmental changes in mother-offspring distance, contact, and activity budgets in orangutans ranging from 1 to 7 years of age. The results indicated decreased resting and playing with increasing age, whereas feeding, traveling and social play all increased significantly. Mothers' feeding and traveling time were good predictors of their offspring's feeding and traveling activities. Mother-offspring contact lasted longer in resting contexts; contact during traveling was almost non-existent after 4 years of age. Comparisons with previously published data on the Sumatran species Pongo abelli revealed no fundamental differences in these behavioral measures. However, a shorter association time with the mother after behavioral independence is documented for this East Bornean population in comparison to Sumatran populations. These results are best explained by the solitary life hypothesis, in agreement with previous studies. We suggest that environmental constraints in Bornean forests, as well as a lower population density, should be considered when interpreting the differences between Sumatran and Bornean orangutans in both the period of association with mother and the IBI.
Introduction
Primates, particularly the great apes, are characterized by a life history consisting of a lengthy period of immaturity together with a long inter-birth interval (IBI) (Kaplan et al. 2000; Knott 2001; Wich et al. 2004 Wich et al. , 2009 ). The orangutan, the largest frugivorous and arboreal species in the world, inhabits the rainforests of Borneo (Pongo pygmaeus) and Sumatra (Pongo abelli) (Delgado and van Schaik 2000) , and have the longest IBI among mammals (Galdikas and Wood 1990) . Orangutan IBI is ca. 7 years in Bornean populations and 9 years in Sumatran populations ), compared to 4-6 years in chimpanzees (Thompson et al. 2007; Thompson 2013) , 4-5 years in bonobos (Furuichi et al. 1998 ) and 3-4 years in the largest great ape, the gorilla (Watts 1991; Robbins et al. 2006 Robbins et al. , 2011 . Orangutans are weaned at around 5 years of age in Borneo and 6 years in Sumatra, later than chimpanzees and gorillas ). Female orangutans reach reproductive age when they are around 15 years old [Galdikas 1995; Wich et al. 2004 ; for more details on female reproductive parameters, see Knott et al. (2009) ], while female chimpanzees reach this milestone at around 12 years old (Thompson et al. 2007) , later than gorillas [around 10 years old (Watts 1991; Robbins et al. 2006) ].
Three hypotheses have been proposed to explain the longer developmental period and IBI of orangutans in comparison to other great apes. The slow life history hypothesis (van Noordwijk and van Adrichem et al. 2006) argues that a longer developmental period in orangutans may be a consequence of their energetically costly arboreal habits (Knott 2001; van Schaik and Deaner 2003; Wich et al. 2004 Wich et al. , 2009 ); a longer developmental period could reduce the chances of malnutrition-induced infant mortality (Janson and van Schaik 1993) . The developmental skill hypothesis (van Noordwijk and van Adrichem et al. 2006) suggests that during the immature period social and foraging skills must be acquired, before ecological independence is achieved (Pagel and Harvey 1993; Ross and Jones 1999; Jaeggi et al. 2010) . The more complex the environment, the more sophisticated the skills repertoire must be, requiring a longer period for learning these skills. The long developmental period of orangutans was once attributed to the unpredictability and constraints of their habitat (Galdikas 1995; Knott 1998; van Noordwijk and van Schaik 2005) . However, because orangutans attain nutritional, locomotor and ecological independence at similar ages to chimpanzees (Watts 1991; Doran et al. 1997; van Noordwijk et al. 2009 ), both the slow life history hypothesis and the developmental skill hypothesis were ruled out as explanations of the lengthy developmental period, and cannot explain the longer IBI in orangutans (van Noordwijk and van Adrichem et al. 2006) . Finally, the solitary life hypothesis, supported by previous studies (van Noordwijk and van Schaik 2005; van Adrichem et al. 2006) , proposes that the high costs of association with and maternal support of more than one offspring prevent the mother from giving birth again until the previous offspring is fully developed. The costs of association with older offspring may be higher in orangutans than other great apes, considering the lower productivity and unpredictability of food availability in Southeast Asian forests compared to African forests (van van Schaik and Pfannes 2005) .
The IBI of the Bornean orangutan population is shorter (6-8 years) than that of Sumatran populations [8-9 years )], a pattern that does not follow previous rationales. A longer IBI would be expected for Bornean orangutans, in view of the lower productivity of the forests they inhabit (Delgado and van Schaik 2000; Marshall et al. 2009; Wich et al. 2011) . To explain the longer IBI in Sumatran populations, van Noordwijk et al. (2009) have argued that if predation was the major cause of death in Sumatran orangutans, then a prolonged association with the mother would benefit the offspring when energetic stress is low. However, the developmental period of the two orangutan species is similar, suggesting that different factors might regulate development of offspring and the IBI. One key difference is that in Borneo an earlier weaning age is reported, along with a shorter period of association of offspring with the mother after weaning ).
Contrary to other great apes, orangutans' infant-juvenile period is mainly spent in the presence of the mother (van Noordwijk and van Adrichem et al. 2006) . Therefore, the mother is an essential behavioral model for her offspring's social learning, in addition to providing primary care and protection against conspecifics and predators (van Noordwijk and van Adrichem et al. 2006; Jaeggi et al. 2008 Jaeggi et al. , 2010 van Noordwijk et al. 2009) .
In this study, we report changes in mother-offspring distance, contact and activity budgets of infants and juveniles with increasing age for the only subspecies (Pongo pygmaeus morio) inhabiting Sabah, East Borneo. We discuss when infants and juveniles in Danum Valley reach nutritional, locomotor and ecological independence, and compare our results with previous studies from Suaq Balimbing (peat swamp forest) and Ketambe (primary lowland dipterocarp forest) in Sumatra, and Tuanan (secondary peat-swamp forest), in Central Kalimantan, Borneo. We suggest interpretations for the differences found among these orangutan populations. Finally, in the light of our findings and considering previous developmental studies, we examine the prolonged development and IBI of orangutans in a great ape perspective.
Methods

Study area
The study area was located in Danum Valley Conservation Area (DVCA), East Borneo, Sabah, Malaysia (51°10 0 17 00 N, 117°144 0 50 00 E, 231-384 m a.s.l.) and covers 2 km 2 of DVCA's total area of 438 km 2 . DVCA is one of the largest lowland dipterocarp forests remaining in Southeast Asia (Hazebroek et al. 2012) ; in 1996 it was established by the Sabah State Government as a Class I Protection Forest Reserve. The study site has an orangutan population density of 1.3 individuals/km 2 , which remains among the lowest densities of orangutan populations (Ancrenaz et al. 2004; Kanamori et al. 2016, in press) . DVCA is subject to El Niño Southern Oscillation events that have especially strong effects in East Borneo, including major impacts on the rainforest ecosystem; among the most important for orangutans is the triggering of mast fruiting events (Ashton et al. 1988; Wich and van Schaik 2000) . Despite the occurrence of El Niño in the second half of 2014, fruit census data collected during the study period showed no mast fruiting event. A small-scale fruiting season occurred in August 2013 and August 2014 (Kanamori et al. 2016, in press ).
Subjects
Subjects were seven mother-infant dyads, with estimated ages of between \1 and 7 years (Table 1) , and three independent offspring 9-13 years old (Table 2 ). Data for dyads that were followed for only 2 days (5-and 6-yearolds) were excluded from the analysis, as they may not be representative of their respective age classes. Offspring ages were estimated from longitudinal observations conducted since 2004 by N. K., T. K. and R. M., comparing morphological traits and body size (Kuze et al. 2005) . Unweaned individuals were classified as ''infants,'' weaned individuals as ''juveniles,'' and independent offspring (post-pubertal immatures) as ''adolescents'' (van Noordwijk and Russon 2006 ). All mother-offspring dyads, except one in which the infant was born in 2014, were followed during three recording periods in 2 consecutive years.
Data collection
Data were collected from April to July 2013, September to December 2013, and February to December 2014 by R. M. with the help of three well-trained field assistants. We collected data on mother-offspring pairs by instantaneous sampling every 2 min (Martin and Bateson 1993) following a standardized protocol (http://www.aim.uzh.ch/oran gutannetwork.html). Mother-offspring interactions, leaves and approaches, were recorded using all-occurrence sampling. We observed mother-offspring dyads virtually all day long, from nest to nest, whenever possible (average 10.2 h ± 2.03; range 6.2-13 h), following mother-infant dyads for 2 consecutive days before switching to another dyad. For analysis we only included data from days in which dyads were followed for more than 6 h, following the study site protocol (Kanamori et al. 2010) . As suggested by Harrison et al. (2009) a 6-h minimum follow was 
Contact and proximity
Time in contact between mother and offspring was recorded if any part of their bodies were in contact, including when the offspring was clinging to the mother. We recorded the frequency of approaches/leaves (Ap/Lv), initiation/break of contact (In/Br) by the mother (m) and the offspring (o), as events per hour, to calculate the proximity index (PI) and contact index (CI), respectively (Hinde and Atkinson 1970) . Approaches and leaves were recorded when mother and offspring were within 2 m of each other. We set the distance at 2 m for PI, as it is within an arm's reach of the mother, a distance within which the mother could immediately rescue her offspring if faced with a threat. CI and PI are indicators of the infant's role in maintaining physical contact and proximity with the mother, respectively. CI is given by [In o 
. PI, is similar to CI; however, it is calculated using the number of approaches and leaves, within 2 m of mother
. If the offspring is responsible for all initiations and breaking of contact (or all approaches and leaves) and the mother is passive, then all the mother's values are 0, therefore the CI (PI) value is 0. When the offspring's proportion of initiations (approaches) is equal to the proportion of breaking contact (leaves), CI (PI) also equals 0. The value of -1 is obtained when all the initiations (approaches) are from the mother and all the is due to the offspring. The value of ?1 is obtained when the offspring does all the initiations (approaches) and mother does all the breaking contact (leaves).
Activity budget
For the activity budget, we collected data simultaneously for both mother and offspring every 2 min. R. M. recorded offspring activity, along with mother-offspring interactions and distance, while well-trained research assistants recorded mothers' activities. We excluded from the analysis scans where individuals were out of sight of the observer. We coded the behaviors into five main categories: feeding, resting, traveling, playing and other (suckling and nesting behavior). Feeding was recorded when the individual picked up a food item and ended when the individual stopped chewing. Moving up to 2 m within feeding bouts was also scored as feeding behavior. Travel was recorded when the individual moved from one place to another, including within the same tree, and ended when the focal individual stopped moving. Resting was recorded when the individual was sitting or hanging in branches without performing any other previously described activity and ended once other activity started. For the offspring, clinging to the mother without performing any other activities was coded as resting. The solitary play category included object manipulation and motor play such as swinging, rotating in the branches and moving short distances within 2 m from the original point. Social play included play with the mother or with other conspecifics.
Association with conspecifics
Association with conspecifics was recorded when an individual approached one to within 50 m from the mother (van Noordwijk et al. 2012) . To calculate group size, we recorded the number of individuals within 50 m every 5 min. We considered the mother and her dependent offspring as one individual. Regarding available play partners, we considered only mothers with dependent offspring, adolescents and unflanged males. We excluded flanged males from available play partners as they were never observed engaging in social interactions with infants (van Adrichem et al. 2006 ).
Data analysis
Statistical analyses were performed using R 3.1.2 (R Core Team 2015) in R-studio 0.99.463 (R Studio 2015) with the following packages: lme4 (Douglas et al. 2012) , lmtest (Zeileis and Hothorn 2002), ggplot2 (Wickham 2009 ). Proportions of each behavior were calculated per day of observation for each individual. Generalized linear mixed models (GLMM) and linear mixed models (LMM) were built to investigate if the offspring's age was a good predictor of (1) time offspring spent in contact with the mother during different mother activities; (2) mother-offspring distance (2 m and 10 m), PI and CI; and (3) offspring activity budget (feeding, resting, traveling and playing).
We conducted two Kendall correlation tests to examine possible relations between available play partners with (1) age of the offspring, and (2) time offspring engaged in social play. For these tests we considered the age of the offspring engaging in social play (1-4 and 7 years). We rejected the null hypothesis if p \ 0.05.
Analysis of time in contact with mother
A GLMM was built to investigate if an offspring's age and mother's activity were good predictors of the time mother and offspring spent in contact. In this model, the proportion of time in contact between mother and offspring was designated as the dependent variable. We set offspring age and the different mother activities (categorical variable-resting, feeding and traveling) as response variables. We nested the day as a random factor with the individuals to control both for day and individual differences, as the data for the three different activities were collected on the same day. We included 112 data points, corresponding to 112 days of individuals' data between 0-4 and 7 years of age (n = 7).
Analysis of proximity, CI and PI
To investigate if age was a good predictor of time spent in proximity to the mother, we built two GLMMs with offspring's age as the response variable. In the first model, we designated the proportion of time spent within 2 m (0-2 m) as the dependent variable and age as the response variable.
In the second model, the proportion of time spent within 10 m (5-10 m) from the mother was designated as the dependent variable and offspring's age as the response variable. For the two models, we set individuals as random factors, to control for individual differences. We included 90 data points for individuals between 1-4 and 7 years old (n = 5).
To investigate changes with age in maintaining contact and proximity with the mother, we built two LMMs including CI and PI as dependent variables, and age as response variable. In the first model, we designated CI values as the dependent variable and age as the response variable. In this model, we included 84 data points corresponding to individuals between 1 and 4 years old (n = 4). In the second model, PI values were designated as the dependent variable and age as the response variable. In this model we included 90 data points for individuals between 1-4 and 7 years old (n = 5).
Analysis of an offspring's activity budget
Four different LMM models were built with each offspring's behavior category as dependent variable and offspring age as the response variable. For each model, we also added the mother's proportion of time per activity as the second response variable, to examine if the mother's activity was a good predictor of her offspring's activity. In the first model, we designated the proportion of offspring's feeding time as the dependent variable, offspring's age and proportion of the mother's feeding time as the response variables. In the second model, we designated the proportion of offspring's resting time as the dependent variable, offspring's age and proportion of the mother's resting time as the response variables. In the third model, the proportion of offspring's traveling time was designated as the dependent variable, offspring's age and proportion of the mother's traveling time as the response variables.
For play (including social and solitary play), we built one LMM, including the proportion of an offspring's play time as dependent variable and the offspring's age as response variable. We added the proportion of the mother's resting time as second response variable, to examine if resting was a good predictor of offspring play. We built two additional GLMMs to investigate if age was a good predictor of social play. In the first model, we designated the proportion of the time offspring engaged in social play with the mother as the dependent variable and offspring's age as the response variable. In the second model the proportion of the time offspring engaged in social play with other individuals (besides the mother) was designated as the dependent variable and offspring's age as the response variable. Mother and offspring dyads did not associate with conspecifics every day. Therefore, to control for Primates (2017) 58:211-224 215 differences in the time they spent in association with potential play partners, we included the proportion of time a potential available partner spent in association with the dyads (\50 m) as an offset term. For all models described in this section we used 90 data points, corresponding to 90 days, for individuals between 1-4 and 7 years old (n = 5).
Results
Time in contact with mother during each activity
The time offspring spent in contact with the mother during each activity (Fig. 1) decreased significantly with increasing age of the offspring (GLMM, -1.14 ± SE 0.07, z = -14.83, p \ 0.001; Table 3 ). No significant differences were found in the time spent in contact for each of the mother's activities (GLMM; Table 3 ).
Infants below 1 year of age (n = 3) spent almost the same amount of time in contact with their mothers regardless of their mothers' activity ( Fig. 1) . At 1 year of age, around 95 % of the time the infant was in contact with the mother occurred during traveling. Contact during feeding dropped to \50 % of the time, and during resting was about 55 % of the time. The greatest decrease in time in contact with the mother during travel occurred between 2 and 3 years of age. In feeding and resting contexts, time in contact decreased greatly during the first year, and was almost zero by 3 years of age during feeding. However, mother-offspring contact during a mother's resting time persisted until the offspring was 7 years old. The 7-yearold juvenile was still resting in contact with his mother for 9 % of the time. He was never observed being carried by his mother, as she was carrying his younger sibling. However, before the birth of the younger sibling, the mother sometimes still carried the 6-year-old during travel (data excluded from the analysis), when he seemed to encounter difficulties moving from one tree to another. Proximity, CI and PI
The time mother and offspring spent within 2 m of each other decreased significantly with offspring age (GLMM, -0.37 ± SE 0.01, z = -26.48, p \ 0.001), while time spent within 5-10 m increased (GLMM, 0.06 ± SE 0.02, z = 2.94, p = 0.003). The 1-year-old infant spent 95 % of her time within 2 m from her mother (Fig. 2) . When offspring reached 3 years of age (n = 3), they spent half the time within 2 m of their mother, whereas the 4-year-old infant resembled the 7-year-old juvenile by spending around 23 % of the time within 2 m from the mother and moving further than 30 m in order to interact with other individuals. He also used different paths from his mother to reach the same or other, feeding trees. However, he still spent around 20 % of the time within 2 m from his mother. Figure 3 shows that the mother was responsible for maintaining contact with the offspring (CI) and that this tendency was stable across offspring age (LMM, 0.01 ± SE 0.027, t = 0.22, p \ 0.83). Despite offspring more frequently initiating contact, mothers were rarely responsible for breaking contact, and consequently CI has mainly negative values. By contrast, offspring were responsible for maintaining proximity (PI) with their mothers and this tendency increased with offspring age (LMM, 0.067 ± SE 0.028, t = 2.33, p = 0.02).
Activity budget
Feeding, traveling and resting Activity budgets of mother and offspring across different offspring ages are shown in Fig. 4 . An offspring's feeding behavior increased significantly with age (LMM, 0.06 ± SE 0.01, t = 6.10, p \ 0.001), as did traveling behavior (LMM, 0.05 ± SE 0.01, t = 4.79, p \ 0.001). By contrast, resting significantly decreased (LMM, -0.05 ± SE 0.01, t = -4.43, p \ 0.001), along with play (LMM, -0.04 ± SE 0.01, t = -4.30, p \ 0.001; see details of LMM results in the Electronic supplementary material, Table 1) .
Estimated values suggest that the 1-year-old infant spent about 7-22 % of her time feeding. Time spent feeding reached 30 % when infants (n = 3) were 3 years of age. The intercept of the regression lines indicated that when offspring were 7 years old they spent the same proportion of time feeding as the mother.
Estimated values for the 1-year-old infant's resting time reached 70 %, as she spent a great amount of her time clinging to the mother. From 4 years of age offspring on average spent less time resting than their mothers; they moved around and interacted with other conspecifics while the mother was resting.
For traveling and resting, the intercept of the regression lines occurred earlier than for feeding contexts (Fig. 4) , indicating that 4-year-olds spent the same amount of time resting and traveling as their mothers. From 4 years of age on, offspring spent more time traveling than their mothers.
LMM results showed that the time mothers spent feeding was a good predictor of the time offspring spent feeding (LMM, 0.25 ± SE 0.06, t = 4.01, p \ 0.001). A mother's traveling time was also a good predictor of the time her offspring spent traveling (LMM, 0.20 ± SE 0.06, t = 3.11, p = 0.003). However, a mother's resting time did not predict the resting time of her offspring (LMM, 0.08 ± SE 0.08, t = 0.99, p = 0.32), although it did predict the time her offspring engaged in play (including social and solitary play; LMM, 0.03 ± SE 0.08, t = 3.76, p \ 0.001, see Electronic supplementary material, Table 1 ). Figure 5 shows that social play with mother (GLMM, -0.48 ± SE 0.15, z = -3.27, p \ 0.01) decreased with age, whereas social play with other individuals increased with age (GLMM, 0.45 ± SE 0.12, z = 3.46, p \ 0.001). At the age of 7 years, solitary play was almost absent; most play was social. Despite mothers being present at all times, infants spent more time playing with individuals other than the mother. The 7-year-old juvenile only played with his mother before his younger sibling was born. The values for social play with the mother may be an underestimate since play may have occurred inside the nest, out of the observer's sight. One-and 2-year-old infants played with likeaged infants during female-female encounters. Offspring at 4 and 7 years of age started to play with adolescents, including older siblings and adolescent males. A correlation was found between social play and available play partners (Kendall, s = 6.22, p \0.001),
Solitary play and social play
suggesting that the presence of potential play partners facilitates social play. However, there was no significant correlation between available play partners and offspring age (Kendall, s = 0.53, p = 0.5957). 
Nest building
The earliest evidence of practicing nest construction was at 2 years of age. Offspring built nests during the day regardless of their mothers' activity. After they built the nest, it could be used as a platform for playing or resting. From 2 years of age, infants were also observed helping their mother to build the night nest by adding leafy branches; however, the high and dense canopy hampered our observations.
Suckling
Suckling was difficult to quantify, given the orangutan's arboreal lifestyle. It was observed in all infants until the age of 5 years (individual excluded from the quantitative analysis); it occurred many times during the day independently of the mother's behavior. We did not observe nipple contact by the 6-year-old juvenile, whose mother was pregnant during the observations.
Association with independent offspring
Independent offspring from 9 to 13 years old associated with their mothers (\50 m) between 9 and 17 % of the time (Table 2) , and all slept in separate nests. The 7-yearold juvenile was still traveling with his mother and his 6-month-old sibling. We observed him first building a night nest and sleeping alone at the age of 7 years. He was also observed sharing his mother's nest with her and his younger sibling.
Discussion
Mother-infant interactions and activity Our study showed that offspring age is a good predictor of the development and acquisition of feeding and locomotion skills in East Bornean orangutans, which is consistent with previous studies in Ketambe, Sumatra (van Adrichem et al. 2006 ). The time mothers spent feeding and traveling predicted the time offspring spent performing the same activities. While mothers fed, infants had opportunities to learn how and what to eat by observing her from close range (Jaeggi et al. 2010) . When a mother's traveling time increased, so did that of her offspring. Offspring started to travel more independently while following their mothers from 3 years of age. A mother's resting time did not predict the resting time of her offspring; instead, it was a good predictor of her offspring's play time. The mother's resting time allows the offspring to explore the environment and engage in solitary or social activities, depending on the presence of suitable partners.
Regarding time spent in contact with the mother, the overall scenario appears similar across the orangutan populations studied (van Noordwijk and van Adrichem et al. 2006) . From 4 years of age, offspring spent more time in contact with their mothers in resting compared to traveling or feeding contexts. At the age of 7 years, contact was observed only in resting contexts. As previously suggested, this type of contact might have the function of protection or preventing heat loss (van Noordwijk and van Noordwijk et al. 2009 ). Additionally, unlike carrying an offspring during traveling (Ross 2001) , contact during resting time does not incur any important energetic costs to the mother. Therefore, mothers may tolerate contact with her offspring until the latter become independent.
As reported for other primate species (Altmann 1980; French 1981; Fairbanks 1988) including Sumatran orangutans (van Adrichem et al. 2006) , offspring are responsible for maintaining proximity to their mother. But whereas van Adrichem et al. (2006) found no correlation between offspring age and PI index, our results showed that the tendency to maintain proximity to their mother increased with offspring age. As offspring became more independent and in less need of maternal care, mothers left them more often and approached them less frequently. Our results suggest that by being the main initiator of approaches, and mainly responsible for initiating and breaking contact, offspring adjust to their mothers' behavior, while mothers focus on their own daily activities (Altmann 1980 ).
Development of independence
The period of 4-7 years of age may be critical for mastering independent feeding skills (see van Noordwijk and van Adrichem et al. 2006; Jaeggi et al. 2010) . We found that infants' feeding time increased greatly from 1 to 3 years of age, consistent with data from Ketambe (van Adrichem et al. 2006) . Four-year-old offspring were able to process most of the same food items as their mothers, and food sharing decreased (Jaeggi et al. 2010 ; R. S. Mendonça, unpublished data). The 7-year-old juvenile spent about the same amount of time feeding as his mother, as did the 5 and 6 year olds (excluded from the analysis). Additionally, three other juveniles in Danum Valley estimated to be 5 and 6 years old were observed foraging independently from their mothers (Kanamori et al. 2012 ; R. S. Mendonça, personal observation), suggesting mastery of independent feeding by that age. Infants harvest and process food less efficiently than adults (Watts and Pusey 1993; Biro et al. 2003; van Adrichem et al. 2006) , which might explain why their total amount of feeding time is similar to that of the mother, despite the offspring's lower energetic requirements (Pontzer et al. 2010) . Differences between populations in infant feeding might be explained by different fruit availability and quality at the time of observations. Feeding behavior varies with changes in fruit availability, especially during mast fruiting seasons (Knott 1998; Morrogh-Bernard et al. 2009; Kanamori et al. 2010) . Additionally, as time mothers spent feeding also influenced infants' feeding time, mothers' feeding behavior should be considered when examining developmental aspects of offspring feeding behavior.
Infant travel is another indicator of the development of independence. Bornean orangutans in Tuanan may reach locomotor competence at around 4-5 years of age (Chappell et al. 2015) and Sumatran infants around 3 years (van Noordwijk and van Adrichem et al. 2006) . Our data suggest that independent locomotor development might fully emerge around the age of 4 years, as 3-year-olds were still carried by their mother during almost half of their traveling time. Data from Tuanan and Kinabatangan (both logged forests) in Borneo, show that 3 year olds depended more on their mother for transport ) than at Suaq Balimbing (primary forest) (van Noordwijk and van Schaik 2005) . It was hypothesized that these differences might be linked to a more uneven canopy structure in the logged Bornean study sites ). Locomotion patterns are more similar between sites with similar forest architecture, such as the peat swamp forests of Suaq Balimbing and Sabangau, than compared to dipterocarp forest such as at Ketambe (Manduell et al. 2012) . Infant locomotion in Danum Valley (undisturbed Bornean primary forest) was more similar to that of infants in primary forests of Sumatra than in disturbed forest of Borneo. Thus, our results support the hypothesis that dependent orangutans need more support from the mother when traveling in damaged forests Manduell et al. 2012) .
As infants become older and reach feeding and locomotor competence, solitary play decreases (Maestripieri and Ross 2004; van Noordwijk and van Schaik 2005; van Adrichem et al. 2006) , due to increasing nutritional demands (Fagen 1993) . Play is of extreme importance for the offspring, as it contributes to the development of locomotor and cognitive skills, as well as promoting behavioral flexibility (Byers and Walker 1995; Spinka et al. 2001) . As social play prepares offspring for life in social groups (Maestripieri and Ross 2004; Shimada 2013; Shimada and Sueur 2014) , mothers may tolerate their offspring engaging in social interactions when a suitable partner is present (van Noordwijk et al. 2012) . There was no correlation between potential partners and increasing offspring age; however, mothers with older offspring may associate more with other individuals than mothers with young infants (van Adrichem et al. 2006) . Our results also suggest that the number of potential partners increases the opportunity for infants and juveniles to engage in social play.
The clearest differences detected between Sumatra and Bornean orangutans occurred later in development, around 6-7 years of age. Despite similar developmental timing of locomotor skills, Sumatran offspring are carried longer by their mothers ). Offspring remaining in close association with their mother for longer, as for Sumatran juveniles, may benefit from the mother's support until a later age. In Danum Valley, post-independence association with mother is weaker than in Suaq Balimbing and Ketambe in Sumatra ). Mothers may be less likely to associate with an independent offspring in environments subjected to higher environmental constraints, such as Danum Valley forest in comparison to Suaq Bamlimbing and Ketambe Kanamori et al. 2010) . Thus, our results accord with previous studies supporting the solitary-life Hypothesis (van Noordwijk and van Adrichem et al. 2006) .
Explaining the long IBI and development in orangutans
Borneo and Sumatra compared
Our results support previous data showing similar developmental patterns between orangutan species. The age of first reproduction is also similar between the two species ). However, the average IBI, and thus the period of association with the mother, is about 2 years shorter in Bornean than in Sumatran orangutans proposed a predation hypothesis to explain the longer IBI in Sumatra. Our data are insufficient for testing their hypothesis. However, in Danum Valley, where independence from the mother is achieved earlier than in Sumatra, offspring may be more vulnerable to predation risks given their smaller body size (Kanamori et al. 2012) . From 9 years of age, Danum Valley adolescents are often observed traveling in pairs or small groups (R. S. Mendonça, unpublished data); this might be a strategy to cope with predation and harassment by conspecifics after separation from the mother (Galdikas 1995) .
All IBI intervals reported for study sites in Borneo are lower than those reported from Sumatran sites. Longer IBI intervals concern sites with a higher density of orangutans (Ketambe, 5 individuals/km 2 with an average IBI of 9.3 years; and Suaq Balimbing, 7 individuals/km 2 with an average IBI of 8.2 years; density ); IBI . Higher levels of gregariousness compared to Bornean study sites were also reported for Ketambe and Suaq Balimbing (van Schaik 1999, Mitra Setia et al. 2009; Singleton et al. 2009 ). High population densities are usually negatively correlated with female reproductive success (Stacey 1979; van Schaik 1983; Bercovitch and Berard 1993) , thus a longer IBI could be expected in the sites where population density is higher. Additionally, habitat saturation by primate populations is known to create high dispersal costs and the formation of unusually large groups (Sterck et al. 1997) . In nonprimate species such as woodpeckers (Melanerpes formicivorus) and banner-tailed kangaroo rats (Dipodomys spectabilis), higher density leading to habitat saturation is linked to decreased reproductive output, dispersal rates, shorter dispersal distances, and delayed offspring retention (Stacey 1979; Jones et al. 1988; Kokko and Lundberg 2001) . Thus, when trying to understand differences in association time and IBI between orangutan species, we suggest that the population density should be discussed. After reaching both feeding and locomotor competence, Sumatran juveniles may take longer than their Bornean counterparts to establish their own home range due to higher population density, a consequence of the higher productivity of Sumatran forests ). In addition, given the costs of associating with two offspring at the same time, mothers may postpone the birth of the subsequent offspring and focus on helping her current offspring to establish its own home range, crucial for survival.
Orangutan and African great apes compared
Previous studies suggest that developmental patterns among great apes are similar (van Noordwijk and van Adrichem et al. 2006; van Noordwijk et al. 2009 ) as they seem to reach nutritional, locomotor and ecological independence at similar ages (Pusey 1983 (Pusey , 1990 Watts and Pusey 1983; van de Rijt-Plooij and Plooij 1987; Hiraiwa-Hasegawa 1990a, b, c) . Ontogeny of gorilla and chimpanzee locomotor behavior follows the same developmental patterns, but gorillas reach locomotor independence at the age of 3-4 years, whereas chimpanzees do not achieve this until the age of 6 years (Doran et al. 1997) . Orangutans reach locomotor independence at around 3-4 years of age, but only at 6-7 years of age do they travel without any support from the mother (van Noordwijk and van Adrichem et al. 2006; van Noordwijk et al. 2009 ).
Our study supports previous statements about similarities in the early development between orangutans and chimpanzees , and fails to support the developmental skills and slow life history hypotheses concerning developmental differences between orangutans and chimpanzees, corroborating previous studies (van Noordwijk and van Schaik 2005; van Adrichem et al. 2006) . However, these hypotheses may still explain differences between orangutans and gorillas, as well as chimpanzees and gorillas, as gorillas reach ecological competence and maturity earlier than other great ape species (Watts 1991; Robson and Wood 2008; Kelley and Schwartz 2010, but see: Stoinski et al. 2013) . The solitary life style hypothesis (van Noordwijk and van Adrichem et al. 2006 ) is reinforced by our study, as association time between the mother and her independent offspring in Danum Valley is lower than in Sumatran populations and other great apes species (Pusey 1983 (Pusey , 1990 Watts and Pusey 1993; van Noordwijk et al. 2009 ).
Conclusion
In conclusion, our results show that age is a good predictor of different offspring activities and that a mother's feeding and traveling times are good predictors of the time her offspring spend on the same activities. No overall differences in development between Sumatran and Borneo orangutans were found; however, time spent associating with the mother after independence was shorter in Borneo. Variations among orangutan populations may be a consequence of different ecological/social environments rather than genetic differences. As behavioral development is similar in the two species, we suggest that the longer IBI interval and longer association period with the mother might be linked to more saturated habitats.
Our study provides a unique set of developmental data from a low-density population of East Bornean orangutans inhabiting a primary forest. It has been suggested that infant and juvenile orangutans living in fragmented habitats may need more support from the mother, for example when traveling through the canopy. Further research focusing on orangutans inhabiting fragmented forests is necessary to understand the extent to which habitat destruction affects early development and/or maternal investment. We note that our small sample size and relatively short study period limit the strength of conclusions that can be drawn from our findings. Long-term studies on orangutans are essential for a better understanding of infant and juvenile behavior and development. For a better understanding of the differences in the IBI between the two species, studies on low-density populations in Sumatra and in high-density populations in Borneo appear important.
